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a  b  s  t  r  a  c  t
Ag  deposited  nitrogen  doped  TiO2 (Ag–TiO2−xNx) was  prepared  using  sol  gel  titania  by grinding  it  with
stoichiometric  amount  of Urea  as  nitrogen  source  followed  by  the  photoreduction  of  Ag+ to Ag0. These
samples  were  characterized  by  powder  X-ray  diffraction  (PXRD),  UV-visible  absorption  spectroscopy,
Fourier  transformed  infrared  spectroscopy  (FTIR),  photoluminescence  (PL)  and  scanning  electron  micro-
scope (SEM).  PL  analysis  of  the  samples  indicated  that the electron-hole  recombination  has  been
effectively  inhibited  after  the  Ag deposition  on  TiO2 and  TiO2−xNx.  Ag–TiO2−xNx exhibits  much  higher
visible-light  photocatalytic  activity  when  compared  with  N-doped  or pristine  TiO2. The  catalysts  along
with  the  oxidants  can  accelerate  electron  transfer  process  and  inhibit  the  fast  electron-hole  recombi-henol degradation
ilver deposition on nitrogen doped TiO2
nation.  The  observed  high  process  efﬁciency  (˚) of  Ag–TiO2−xNx particles  compared  to TiO2−xNx and
pure  TiO2 photocatalyst  can  be  accounted  to the  synergistic  effect  of  Ag  loading  along  with  N  doping.
Strongly  interacting  electron  accepting  species  such  as  hydrogen  peroxide  and  ammonium  persulphate
chemisorbed  at the  photocatalyst  surface  are  said to act like  surface  states  enabling  inelastic  transfer  of
electrons  from  the  conduction  band  to the  oxidizing  species.  The  electronic  states  of  different  energies
 a mawithin  the band  gap  have
. Introduction
Titanium dioxide (TiO2), is a chemically stable, nontoxic, highly
fﬁcient, and relatively inexpensive photocatalyst, which is widely
sed for water and air puriﬁcation [1–3]. Under the UV irradiation
n electron (e−) gets excited to the conduction band (CB), leav-
ng a hole (h+) in the valence band (VB). These electrons and holes
an initiate redox reactions on the surface of TiO2. The practical
pplications of TiO2 have been suppressed by the low quantum
ield that arises from the rapid recombination of photo-induced
harge carriers and the other drawback is the poor solar absorp-
ion efﬁciency that is determined by its band gap. It was found
hat doping with nonmetals (e.g., boron [4],  carbon [5],  nitrogen
6] and ﬂuorine [7]), especially nitrogen can successfully modify the
lectronic structure of TiO2, extending the photoresponse of TiO2
o the visible light region. Many studies have been reported that
oading of noble metals (e.g., Pt, Au, or Ag) on the surface of TiO2
an effectively hinder the recombination and promote the trans-
er of photo-induced electrons to these metal deposits [8–12]. Tian
t al. reported that nitrogen doping followed by Au metallization
eads to the synergistic effect to enhance the visible-light photo-
atalytic activity of TiO2 for the degradation of methylene blue and
∗ Corresponding author. Tel.: +91 080 22961336; fax: +91 080 22961331.
E-mail address: gomatidevi naik@yahoo.co.in (L.G. Devi).
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oi:10.1016/j.cej.2011.11.076jor  role  in  enhancing  the  efﬁciency.
© 2011 Elsevier B.V. All rights reserved.
2,4-dichlorophenol [13]. The photoresponse of TiO2 is extended
to the visible light region by the nitrogen dopant and the loaded
noble metal hinders the recombination of electrons and holes.
Silver occupies exceptionally special position among the various
metals from the point of view of its electronic properties. The work
function of the silver ( = 4.3–4.7 eV) is much lower than the work
function of the other noble metals especially gold Au ( = 4.8 eV)
and Pt ( = 5.3 eV). These metals are capable of forming Schottky
barrier at the surface of TiO2. Fermi levels of Au and Pt are located
far below the position of conduction band edge of TiO2. Electrons
can only ﬂow in one direction from TiO2 to the metal deposit and
facilitate the charge separation. In case of silver, Fermi levels are
much closer to the conduction band edge of TiO2 and the electrons
can ﬂow in both the directions. Other exceptional properties of sil-
ver deposit are: it is resistant to dissolution and it can withstand the
attack of the oxidizing agents. In the present research, silver loaded
nitrogen-doped TiO2 (Ag–TiO2−xNx) was  prepared using nitrogen
doped TiO2 (TiO2−xNx) followed by Ag loading using AgNO3 by
photoreduction method. Electrons can be transferred from TiO2
to Ag deposit because of the difference in the work function of
the two materials. It is approximately 4.7 eV for Ag versus 4.6 eV
for TiO2. The mechanism of this electron transfer especially from
TiO2−xNx to Ag is less attempted. Fang et al., had prepared TiON
thin ﬁlm with ultraﬁne Ag2O semiconductor nanoparticles by ion
beam assisted deposition and they have shown the extension of
response to visible light but this catalyst was not attempted for
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hotocatalysis [14]. Sun et al., reported the enhanced photocat-
lytic disinfection of E. coli by TiON/Ag2O and they attributed the
hotocatalytic response of TiON matrix and Ag2O nanoparticles not
o the Ag addition itself. The optimized Ag modiﬁcation concentra-
ion is determined at Ag:Ti molar ratio of 1:50 [15]. Though such
tudies are available in literature for Au and Pt, fewer attempts
s made for the deposition of Ag [13,16–20].  The nitrogen dopant
oncentration was optimized for 0.15 at.% which shows better pho-
ocatalytic activity as reported earlier [21]. Smaller metal deposits
re more effective than larger deposits due to the high surface area
o volume ratio. Therefore the loaded amount of silver deposit is
ptimized at 0.05% in this study. The photocatalytic activities of
hese catalysts were evaluated by using phenol (Ph) as the model
ompound under UV/visible light irradiation. The photocatalytic
fﬁciency of Ag–TiO2−xNx is compared with TiO2−xNx, Ag–TiO2 and
ol gel-TiO2 (SG-TiO2). The synergistic mechanism of nitrogen dop-
ng and Ag loading in enhancing the visible-light photocatalytic
ctivity of TiO2 is studied.
. Experimental
.1. Materials
Titanium (IV) chloride (TiCl4 ≥ 99.9%) is obtained from Merck
hemicals limited, urea (NH2CONH2), phenol (C6H5OH), ammo-
ium persulphate (APS), hydrogen peroxide (HP) (50%, w/v) and
gNO3 were from Sisco-chemical Industries, Bombay. Double dis-
illed water is used through out the experiment.
.2. Catalyst preparation
Anatase SG-TiO2 was prepared by sol–gel method by the hydrol-
sis of TiCl4 as reported earlier [22]. A stoichiometric volume of the
rea solution (1.5 ml  of 6 g of urea in 100 ml)  was added to the
alculated amount of TiO2 (1 g) to get the dopant concentration of
.15 at.% [21]. This mixture is grinded in a mortar and dried in an
ven at 120 ◦C for 1 h. The process of grinding is repeated for four
imes and the powder is ﬁnally calcined at 550 ◦C for 5 h. TiO2−xNx
owder is pale yellow in colour. Substituting nitrogen at the oxy-
en lattice site in TiO2 can not proceed spontaneously, due to the
xistence of free energy barriers for a nitriding reaction at room
emperature. But this can be over come through the enhancement
f the free energy of the system by the grinding process. The free
nergy of the system is lowered by converting mechanical energy
f grinding into distortion energy leading to the deformation, pro-
ucing stress and strains which creates lattice distortion along
ith the creation of the several defects inside TiO2 lattice. These
xygen defects produce high lattice distortion energy and they
lso increase the surface energy thereby decreasing the activation
nergy for the diffusion of nitrogen leading to the nitriding reaction
o generate TiO2−xNx [21]. Silver was deposited on the surface of
iO2−xNx/TiO2 by the photoreduction of AgNO3 in the presence of
xalic acid in an aqueous suspension as prepared by Szabo-Bardos
t al. [23]. An aqueous solution of AgNO3 (2 × 10−4 M),  oxalic acid
5 × 10−3 M)  along with TiO2−xNx/SG-TiO2 (1 g) were added to 1 l
f distilled water and it is stirred vigorously. The pH of the suspen-
ion was adjusted to 6.8–7.0 by the addition of 0.1 N NaOH solution
nd the suspension is irradiated with UV-light for 40–50 min. After
he irradiation the solution containing Ag–TiO2−xNx/Ag–TiO2 was
hen allowed to stand for 6 h. The colour of the reaction mixture
hanged from white to violet-brown under UV-light on reduction
f Ag+ to Ag0 indicating the deposition of Ag0 on TiO2−xNx/TiO2.
he pale brown solid is ﬁltered, washed, dried and heated at 120 ◦C
or 2 h and the colour of the solid changes to pale pink conﬁrming
he deposition of Ag. The absence of silver in the aliquot sample ofournal 181– 182 (2012) 259– 266
reaction mixture conﬁrms the complete deposition of noble metal
on the semiconductor particles giving 0.05% deposition.
2.3. Characterization of the catalyst
The powder X-ray diffraction (PXRD) patterns were obtained
using Philips pw/1050/70/76 X-ray diffractometer. FT-IR spectra
were obtained using NICOLLET IMPACT 400 D FTIR spectrometer.
The Diffuse Reﬂectance Spectra (DRS) of the photocatalysts were
obtained using Schimadzu -UV 3101 PC UV-VIS-NIR UV-visible
spectrophotometer. Photoluminescence (PL) spectra of the gen-
erated 2-hydroxyterephthalic acid were measured on a Hitachi
F-7000 ﬂuorescence spectrophotometer. Surface morphology was
analyzed by SEM analysis using JSM840. An electron microprobe
is used in the EDX mode. The speciﬁc surface area of the powders
were measured by dynamic Brunner–Emmet–Teller (BET) method
in which N2 gas was  adsorbed at 77 K using Digisorb 2006 sur-
face area, pore volume analyzer by the multipoint BET adsorption
system (Nova Quanta Chrome Corporation instrument).
2.4. Photochemical reactor and photonic efﬁciency (˚)
Experiments were carried out at room temperature using a cir-
cular glass reactor whose surface area is 176.6 cm2. 125 W medium
pressure mercury vapor lamp is used as the UV light source. Pho-
ton ﬂux was found to be 7.75 mW/cm2 by ferrioxalate actinometry
whose wavelength peaks around 370 nm.  The irradiation was car-
ried out by direct focusing the light into the reaction mixture in
open air condition at a distance of 29 cm.  The reaction mixture was
continuously stirred. All the experiments were performed using
distilled water. Solar light experiments were performed under
sunlight directly between 11 am to 2 pm when the solar inten-
sity ﬂuctuations are minimal and the sunrays are not oblique.
The experiments were conducted in the months of April–May
at Bangalore, India. The latitude and longitude are 12.58 N and
77.38 E, respectively. The average solar intensity was found to
be 0.753 kW m−2 (using solar radiometer). The intensity of the
solar light was  concentrated by using a convex lens and the reac-
tion mixture was exposed to this concentrated sunlight. The solar
radiation as a function of wavelength was  measured by pho-
tometer, which shows a maximum at 450 nm. To compare the
photocatalytic activity of all the catalysts, the experiments were
simultaneously conducted to avoid the error arising due to the ﬂuc-
tuations in solar intensity. A typical experiment contains 10 mg/L
of Ph solution along with 160 mg/L of the photocatalyst. The reac-
tion mixture (250 ml)  was  stirred vigorously using magnetic stirrer
for the entire time span of the experiment. The samples were cen-
trifuged and ﬁltered through 0.45 m Millipore ﬁlter to remove the
catalyst particles for the spectrophotometric analysis. The UV-Vis
Spectrophotometer was used for the determination of residual con-
centration of the phenol in the wavelength range of 190–600 nm.
The photonic efﬁciencies were calculated by the method pro-
posed by Tsoukleris et al. [24]. The photonic efﬁciency (˚)
describes the rate of degradation of phenol molecule Mt with
respect to the total rate of photons (L) incident on the reactor.
 = Mt
L
(1)
The number of pollutant molecules decomposing in time ‘t’ is
given by
Mt =
(
4
)
C0N(1 − e−kt) (2)1000
where C0 is the initial concentration of the pollutant, N is Avo-
gadro’s number and k is the apparent ﬁrst-order reaction rate
constant.
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ysts.
The number of incident photons with in the time t is given by
 = pt
hc
(3)
where p is the power of the light,  is the wavelength, h is the
lank’s constant and c is the velocity of light in the vacuum.
. Results and discussions
.1. PXRD studies
Fig. 1 shows the PXRD patterns of SG-TiO2, Ag–TiO2, TiO2−xNx
nd Ag–TiO2−xNx. All the four samples show peaks corresponding
o anatase phase at 2 values of 25◦ (1 0 1), 38◦ (1 1 2), 48◦ (2 0 0),
4◦ (1 0 5), 55◦ (2 1 1), 62◦ (2 04 ) and 68◦ (1 1 6) (the number in
he parenthesis indicates the hkl values). The absence of any peak
t 27.34◦ in the samples conﬁrms the absence of rutile phase. The
eak position at 2 values of 44◦ and 64◦ in the PXRD pattern in
g–TiO2 and Ag–TiO2−xNx corresponds to metallic silver (JCPDS File
o 04-0783). The absence of peak at 2 value of 34.22◦ (0 0 3) 100
ercent intensity peak (JCPDS 42-0874) conﬁrms the absence of
g2O in the prepared samples. This suggests that the Ag deposition
t lower concentration favors the retention of the anatase phase
nd the silver particles are well dispersed on the surface of pho-
ocatalyst. The average crystallite size was estimated based on the
roadening of (1 0 1) peak at 2 = 25.3◦ using the Scherrer’s equa-
ion d = k/ˇcos , where  is the wavelength of the Cu K source
sed, ˇ is the full width at half maximum (FWHM) of the (1 0 1)
iffraction angle, K is a shape factor (0.94) and  is the angle of
iffraction. The slow scanning pattern shows a shift of (1 0 1) plane
or the doped samples (TiO2−xNx) with respect to SG-TiO2, conﬁrm-
ng the incorporation of nitrogen in the TiO2 lattice. This shift is due
o the replacement of high density oxygen atom (1.14 g/ml) by low
ensity nitrogen atom (0.81 g/ml) in the TiO2 lattice [25,26].  Inser-
ion of N in substitution position in the lattice of titanium dioxide
s conﬁrmed by the Vegard’s law as mentioned in our earlier work
21]. Ogale et al., have also shown this marginal shift and they haveFig. 2. UV-visible absorbance spectra of sol gel TiO2, Ag–TiO2, TiO2−xNx and
Ag–TiO2−xNx photocatalysts.
accounted it to the nitrogen incorporation into the TiO2 matrix [27].
They suggested a signiﬁcant modiﬁcation in the electronic states,
which takes place due to the replacement of oxygen by nitrogen
on N doping. This implies compressive strain, which may  emanate
from the differences in the bonding characteristics between nitro-
gen and oxygen in TiO2 lattice. Lattice parameter and cell volume
decreases for the TiO2−xNx compared to SG, which may  be due to
the local destruction of the crystal lattice by the nitrogen atom [28],
whereas a slight enhancement in the lattice parameter and the cell
volume is observed for Ag deposited samples [29–32].
3.2. UV-visible diffused reﬂectance spectral studies
The optical absorption properties of catalysts were investi-
gated using UV-visible diffused reﬂectance spectral technique. The
band gap energies were calculated by using Kubelka–Munk plot
of (1 − R∞)2/2R∞ versus wavelength, where R∞ is the ratio of rel-
ative reﬂected intensity of the sample to that of non absorbing
standard BaSO4 (Fig. 2). The intensity of the reﬂected radiation
provides information about the wavelength at which the semi-
conductor absorbs the light. It clearly indicates that absorption
shoulder for the doped as well as deposited samples shift to higher
wavelength, suggesting the formation of Ti–N bond in the doped
samples and also due to the deposition of silver. Deposition and
doping is solely responsible for tailing of absorption shoulder in
the visible region. The changes observed in the absorption edge
for the doped and undoped samples are summarized in Table 1. N-
doping is quite effective in decreasing the band gap of TiO2 through
the mixing of N 2p and O 2p states and by the creation of distinct
nitrogen dopant level [33]. The calculated band gap value decreases
for the Ag deposited samples compared to SG-TiO2 and TiO2−xNx.
This observation indicates that the reason for such a broad absorp-
tion band may  be attributed to the plasmon effect shown by the
deposited silver particles.
3.3. Photoluminescence (PL) analysis
PL emission spectra are used to investigate the efﬁciency of var-
ious processes like charge carrier trapping, migration, transfer and
to understand the fate of photogenerated electron-hole pairs in
semiconductor particles. PL emission results from the recombina-
tion of free charge carriers [34,35,27].  Fig. 3 shows the PL spectra
of all the samples. PL intensities of these samples decreases in the
following order: SG-TiO2 > TiO2−xNx > Ag–TiO2 > Ag–TiO2−xNx. The
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sig. 3. (i) PL spectra of (A) TiO2, (B) TiO2−xNx , (C) Ag–TiO2, (D) Ag–TiO2−xNx photocat-
lysts. (ii) PL spectra around 530 nm depicting the decrease in the VO concentration
n  the doped samples.
and corresponding to the 430 nm is due to the surface recombi-
ation transition [12,13].  While 470 nm and 530 nm are emission
ignals originating from the charge transfer transition of trapped
lectron in an oxygen vacancy [36,37]. The intensity of the peak
t 530 nm decreased due to the increase in the number of oxy-
en vacancies in the nitrogen doped samples. It can be concluded
hat the PL emission is the result of the recombination of excited
lectrons and holes. The lower PL intensity of the doped sample
nd the silver deposited sample indicates the lower recombination
ate. Doping of nitrogen into the TiO2 lattice leads to the effective
uenching of photoluminescence. More electrons can get trans-
erred from valence band to the conduction band and enhance
he charge separation efﬁciently. The quenching of photolumi-
escence can be accounted in the following way: (i) the electron
an be trapped by the oxygen vacancy, (ii) electron can also be
rapped by the silver deposit, (iii) hole can be trapped by the
itrogen dopant. Furthermore, it is well known that Ag deposi-
ion favors the transfer of photo-induced electrons and hinders the
able 1
ummary of data obtained by X-ray diffraction, UV-visible absorption and BET measurem
max: absorption maxima in nm,  Eg: band gap energies in eV, SBET: BET characterization ob
urface porosity in cm3/g.
Photo catalysts D (nm) (Å) (Å)3
SG 27.57 a = b = 3.7828 135.97 
c  = 9.5023
Ag–TiO2 31.17 a = b = 3.8322 140.37 
c  = 9.5585
TiO2−xNx 15.78 a = b = 3.7381 130.76 
c  = 9.3581
Ag–TiO2−xNx 36.35 a = b = 3.8388 139.91 
c  = 9.4943Wavenumber (cm-1 )
Fig. 4. FTIR spectra of SG-TiO2, Ag–TiO2, TiO2−xNx and Ag–TiO2−xNx samples.
recombination of electrons and holes by forming Schottky barrier
at the metal -semiconductor interface [38]. The PL intensity of pure
SG-TiO2 is higher compared to all the other catalysts. The PL inten-
sity of Ag–TiO2−xNx is least indicating the lower recombination
rate. These results indicate that the recombination of charge carri-
ers is effectively suppressed by the Ag deposition on the surface of
TiO2−xNx.
3.4. FTIR analysis
FT-IR spectra in the range of 400–4000 cm−1 of SG-TiO2,
TiO2−xNx, Ag–TiO2 and Ag–TiO2−xNx were analyzed and are as
shown in Fig. 4. The spectra shows relatively strong band at
∼1630 cm−1 attributed to the OH bending vibration of chemisorbed
and/or physisorbed H2O molecule on the photocatalyst surface for
all the samples [26]. Peaks at 3400, 2930, 2850 cm−1 are attributed
to the Ti–OH bond [39]. The TiO2−xNx sample shows additional
peaks at 1450, 1160 cm−1 attributed to nitrogen atom in the TiO2
matrix [40]. The peak at 600 cm−1 can be assigned to the absorption
bands of Ti–O and O–Ti–O. A prominent peak around 1450 cm−1
was observed for nitrogen doped samples. This peak could be
assigned to the bending vibration mode of the N–H bond [41] and
ents. Where D: crystallite size in nm,  Å: lattice parameters, (Å)3: unit cell volume,
tained by N2 adsorption. Sarea: surface area obtained by N2 adsorption in m2/g, Ssp:
max (nm) Eg (eV) SBET
Sarea (m2/g) Ssp (cm3/g)
380 3.27 18 0.36
406.65 3.05 15 0.28
435.00 2.86 41 0.74
412.01 3.01 14 0.26
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Table 2
The apparent ﬁrst-order rate constant (kapp), photonic efﬁciency (˚) and per-
centage of degradation for the degradation of Ph under solar light for different
photocatalysts, under the conditions of [photocatalysts] = 160 mg/L, [Ph] = 10 mg/L,
[APS] = 100 mg/L or [HP] = 60 mg/L and V = 250 ml.
Photocatalysts kapp × 10−3 (min−1) ˚ × 10−9
(mol l−1 m2)
Percentage of
degradation (%)
SG-TiO2 1.12 1.442 38
Ag–TiO2 2.12 2.505 46
TiO2−xNx 2.82 3.143 59
Ag–TiO2−xNx 2.91 3.220 64
Ag–TiO N /APS 3.04 3.328 84L.G. Devi et al. / Chemical Engine
he peak at 3696 cm−1 corresponds to N–H2 stretching vibration in
he N doped samples. These N–H stretching and bending vibrations
onﬁrm the presence of nitrogen in the nitrogen doped samples.
.5. SEM, EDX and BET analysis
SEM images presented in Fig. 5(A)–(D) show a signiﬁcant dif-
erence in the surface morphology of TiO2, TiO2−xNx, Ag–TiO2 and
g–TiO2−xNx samples. The morphologies of nitrogen doped TiO2
Fig. 5(B)) and Ag–TiO2−xNx (Fig. 5(D)) particles were spherical in
hape owing to the less contact angle between Ag and TiO2−xNx.
he average particle sizes of the Ag–TiO2 and TiO2−xNx particles
re much smaller compared to that of the Ag–TiO2−xNx particles.
n the case of Ag–TiO2 the particles have ﬂat plate like appearance.
hotogenerated electrons get transferred to the photodeposited sil-
er. The cluster size is strongly dependent on the concentration of
rea in the nitrogen doped samples (TiO2−xNx and Ag–TiO2−xNx) as
iscussed elsewhere [21]. Multisphere morphologies are obtained
n the case of TiO2−xNx and Ag–TiO2−xNx (to a lesser extent). The
peciﬁc surface area increases for TiO2−xNx, while it decreases
or Ag–TiO2 and Ag–TiO2−xNx. These results are consistent with
he PXRD results. The average pore volume of SG-TiO2, Ag–TiO2,
iO2−xNx and Ag–TiO2−xNx are found to be 0.36, 0.28, 0.32 and
.26 cm3/g respectively. These pores allow rapid diffusion of var-
ous reactants and products during photocatalytic reaction and
nhance the rate of photocatalysis. Surface area and porosity of
he samples were determined from nitrogen adsorption and des-
rption isotherm measured at liquid nitrogen temperature and are
ummarized in the Table 1..6. Photocatalytic activities and the role of electron acceptor
The photocatalytic activities of the TiO2, Ag–TiO2, TiO2−xNx
nd Ag–TiO2−xNx were evaluated by taking phenol (Ph) as
Fig. 5. SEM images of (A) SG-TiO2, (B) TiO2−x2−x x
Ag–TiO2−xNx/HP 3.22 3.973 92
the model compound in 250 ml  of aqueous solution along
with the electron acceptors (HP and APS) under UV/solar
light irradiation as shown in Fig. 6, under the experimen-
tal conditions of [Ph] = 10 ppm/L, [Photocatalyst] = 160 mg/L
and [HP] = 60 mg/L (1 ml)/[APS] = 100 mg/L (1 ml). The degra-
dation of Ph in the presence and in the absence of electron
acceptors shows the following order under solar irradiation:
Ag–TiO2−xNx + HP > Ag–TiO2−xNx + APS > Ag–TiO2−xNx > TiO2−xNx >
Ag–TiO2 > SG-TiO2 > APS > HP> Ph, under UV light: N–TiO2 >
Ag–TiO2−xNx > Ag–TiO2−xNx + APS > Ag–TiO2−xNx + HP > Ag–TiO2 >
SG-TiO2 > APS > HP > Ph. N doped TiO2 with Ag deposition on
the surface exhibit improved photocatalytic activity due to the
synergistic effect observed between the ‘N’ dopant and the Ag met-
allization in Ag–TiO2−xNx. The apparent ﬁrst-order rate constant
(kapp), photonic efﬁciency (˚) and percentage of degradation for
the degradation of Ph under solar light for different photocatalysts
are given in the Table 2. The higher efﬁciency of Ag-TiO2−xNx can
probably be related to the density of photo-induced electrons
and holes, since the electrons get trapped on the deposited silver.
There is better charge separation of electrons and holes under solar
Nx , (C) Ag–TiO2, and (D) Ag–TiO2−xNx .
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Fig. 6. The plot of C/C0 versus time for the removal of phenol (i) UV and (ii)
solar irradiation. Where (A) Ph, (B) Ph + APS, (C) Ph + HP, (D) Ph + SG-TiO2, (E)
Ph + Ag–TiO2, (F) Ph + N–TiO2, (G) Ph + Ag–TiO2−xNx , (H) Ph + Ag–TiO2−xNx + APS
and (I) Ph + Ag–TiO2−xNx + HP, under the experimental condition [photocata-
lysts] = 160 mg/L, [Ph] = 10 mg/L, [APS] = 100 mg/L or [HP] = 60 mg/L and V = 250 ml.
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lyst surface can act like surface states enabling inelastic transfer of
the electrons from the conduction band to these oxidants. In the
absence of the photocatalyst and solar light, the oxidants show aight irradiation. Therefore, Ag loading can effectively decrease
he rate of charge carrier recombination and the photocatalytic
ctivity is better than the nitrogen doped TiO2. The presence of
lectron acceptors can accelerate the electron transfer and inhibit
he fast electron-hole recombination in various catalysts like
iO2/BaTiO3/TiO2−xNx as reported in our previous work [21,42].
he experiment with electron acceptors was repeated for the
resent catalyst Ag–TiO2−xNx and results shows that the presence
f electron acceptor enhances the rate. The better performance of
g–TiO2−xNx is due to synergistic effect observed between the ‘N’
opant and the Ag metallization. Ag metal having a work function
f m and Ag–TiO2−xNx semiconductor having work function s
hen brought in intimate contact with respect to each other, the
lectrons from the conduction band of the semiconductor will ﬂow
nto the metal until an equilibrium in the Fermi energy (Ef) levels
re established. In this process the surface of Ag metal becomes
egatively charged and the surface of semiconductor which is now
epleted of electrons becomes positively charged. The electrons
ccupying the quantum states in conduction band were originated
rom the donor levels near the surface of the semiconductor. This
ffect of electron transfer produces an insulating region near the
urface of the semiconductor and it is referred to as the barrier
ayer. Since at equilibrium Fermi energy levels in both metal
nd semiconductor have same energy, Ef of the semiconductor is
owered by the amount m − s. The region that shows depletion
f electrons represents the potential barrier for further ﬂow of
lectrons from semiconductor. This barrier can be expressed inournal 181– 182 (2012) 259– 266
terms of electron charge diffusion potential (eVD), where VD is the
diffusion potential and e is the electronic charge.
eVD = m − s (4)
The height of the barrier on the metal side is m − e, where e
is the work required to remove a free electron from semiconduc-
tor to the exterior. At room temperature some of the electrons in
the metal gain enough energy to surmount the barrier and enter
the semiconductor. Similarly some of the electrons in the semicon-
ductors may  cross over to the metal. At equilibrium two currents
are equal and opposite so that they cancel each other and no net
current ﬂows. The presence of silver particles on the surface helps
to increase the life time of the electron hole pairs by attracting the
conduction band photoelectrons. The silver particles on the surface
capture the photoelectrons and are subsequently transferred to the
adsorbed O2 to yield highly oxidizing peroxy or superoxy species,
leading to the effective separation of electrons and holes, which has
been conﬁrmed by the lower PL intensity of Ag–TiO2−xNx and there-
fore enhances the rate of photocatalytic system. N-doping can form
a new state lying just above the valence band for the substitutional
nitrogen, which could narrow the band gap of TiO2 and absorb the
visible light [43]. The excited electrons from nitrogen dopant level
are transferred to the conduction band of TiO2 and then they are
captured by the Ag particles. This captured electron on the surface
of Ag particle is then transferred to oxygen molecule adsorbed on
the surface of TiO2 producing O2−• which are capable of degrading
phenol. The photogenerated holes in the valence band are able to
react with hydroxyl ions adsorbed on to the TiO2 surface leading
to the generation of hydroxyl radicals. Due to the oxygen defects
the dispersion of Ag on the surface of TiO2−xNx leads to the forma-
tion of the clusters and thus enhances the photocatalytic activity.
The higher efﬁciency of Ag–TiO2−xNx can probably be related to
the density of photo-induced electrons and holes, since the elec-
trons gets trapped on the deposited silver there is better charge
separation of electrons and holes under solar light irradiation.
Therefore, Ag loading can effectively decrease the recombination
rate of electrons and holes. Under visible light irradiation, more
number of photoelectrons are generated within Ag–TiO2−xNx and
TiO2−xNx when compared to that of pure TiO2. Fig. 7 illustrates the
synergetic effects of N doping and Ag loading on TiO2 surface. Defect
states located at 0.3 eV below Ef may  arise from Ti3+–VO centers
[44]. Photoexcited electrons from the valence band move into the
Ti3+–VO sub band from where they tunnel into conduction band.
The photogenerated holes travel uphill ﬁnding their way into nitro-
gen 2p states that overlap with the valency band and these holes
are available at the interface. Photoresponse in the visible region
for the doped samples can be explained on the basis of mid  band
gap energy states. Ag deposits show donor properties with a elec-
tron trapping behavior. In the case of UV light electrons and holes
are generated by the band gap excitation of TiO2 and the possi-
bility of the dopant level facilitating the charge transfer to higher
extent increases the efﬁciency. However in the presence of oxidiz-
ing agents recombination reactions hinder the process to a slight
extent. An additional strategy to inhibit electron-hole pair recom-
bination is to add electron acceptors to the reaction medium. They
could have several advantages such as: (1) to increase the num-
ber of trapped electrons and consequently avoid recombination,
(2) to generate more free radicals and other oxidizing species, (3)
to increase the oxidation rate of intermediate compounds and (4) to
avoid the problems caused by low oxygen concentration. Addition
of electron acceptors enhances the degradation rate since strongly
interacting species such as HP and APS chemisorbed at the cata-negligible Ph degradation. Ag–TiO2−xNx in the presence of HP and
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•ig. 7. Schematic illustration of energy bands, potential (V) vs SHE at pH 0 for A
onduction band (CB). Where e− represents the electron and open circles in VB repr
nd  metals along with the redox potentials of the various oxidants.
PS shows 92 and 84% of photodegradation respectively. The pres-
nce of electron acceptors can accelerate the electron transfer and
nhibit the fast electron/hole recombination, since the redox poten-
ials of these chosen oxidants lie within the band gap of the TiO2.
he enhancement of degradation of Ph by the addition of HP and
PS could be attributed to the increased concentration of the free
adicals like hydroxyl or sulfate radicals [45–48] according to the
ollowing equations:
2O2 + e− → OH• + OH− (5)
2O
2−
8 + e− → SO2−4 + SO−
•
4 (6)
O−4 + H2O → SO2−4 + OH• + H+ (7)
O4 − • + e− → SO2−4 (8)
O−
•
4 + Ph → . . . → SO2−4 + CO2 (9)
From thermodynamic point of view, the entire employed oxi-
ant can be an efﬁcient electron acceptor compared to that of the
olecular oxygen, hence the addition of oxidants to a photocat-
lytic system enhance the reaction rate. HP successfully increases
he photodegradation rate of Ph compared to APS. Increase in the
oncentration of the oxidants increases the rate of the reaction,
specially in the presence of Ag–TiO2−xNx photocatalyst. The abil-
ty of peroxydisulfate is not only contributed to the promotion of
harge separation but also to the production of sulfate radicals,
hich are very strong oxidizing agents for the photooxidation of
he Ph.
. Conclusion
The better performance and higher efﬁciency of Ag–TiO2−xNx
an be accounted in the following ways:
Excited electron is trapped by the oxygen vacancies which are
created by the nitrogen dopant whereas the holes are trapped by
the nitrogen dopant level.
Mixing up of 2p states of oxygen and nitrogen creates a easy
pathway for the movement of holes.2−xNx together with photo induced electronic process from valence band (VB) to
 the holes (h+), Ef represents the equilibrated Fermi energy levels of semiconductor
• Silver shows exceptional special property since its work function
() is close to the conduction band edge of TiO2 and electrons can
ﬂow in both the directions
• The electronic states of different energies within the band gap
have a major role in enhancing the efﬁciency
• Synergistic effect between nitrogen dopant and Ag deposit is
responsible for the enhancement of the photocatalytic activity
• The photo excited electrons of the Ag surface plasmon may  be
injected to the TiO2 conduction band which can undergo charge
transfer reactions with the adsorbates
• Transfer of electrons from semiconductor to metal and vice versa
may  lower the Ef of the host semiconductor and bring about the
visible light activity
• Strongly interacting electron accepting species such as HP and
APS chemisorbed at the photocatalyst surface are said to act like
surface states enabling inelastic transfer of electrons from the
conduction band to the oxidizing species
• Only few research articles are available on Ag–TiO2−xNx. How-
ever in this research work comparative study of TiO2, Ag/TiO2
and TiO2−xNx and its catalytic efﬁciency is studied. Further our
research article also deals with the reactions in presence electron
acceptors. Schematic representation of involved energy levels of
semiconductor and metal along with the redox potentials of the
various oxidants has been attempted.
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